The human bacterial pathogen Helicobacter pylori has a highly variable genome, with significant allelic and sequence diversity between isolates and even within well-characterised strains, hampering comparative genomics of H. pylori. In this study, pan-genome analysis has been used to identify lineage-specific genes of H. pylori. A total of 346 H. pylori genomes spanning the hpAfrica1, hpAfrica2, hpAsia2, hpEurope, hspAmerind and hspEAsia multilocus sequence typing (MLST) lineages were searched for genes specifically overrepresented or underrepresented in MLST lineages or associated with the cag pathogenicity island. The only genes overrepresented in cag-positive genomes were the cag pathogenicity island genes themselves. In contrast, a total of 125 genes were either overrepresented or underrepresented in one or more MLST lineages. Of these 125 genes, alcohol/aldehyde-reducing enzymes linked with acid resistance and production of toxic aldehydes were found to be overrepresented in African lineages. Conversely, the FecA2 ferric citrate receptor was missing from hspAmerind genomes, but present in all other lineages. This work shows the applicability of pan-genome analysis for identification of lineage-specific genes of H. pylori, facilitating further investigation to allow linkage of differential distribution of genes with disease outcome or virulence of H. pylori.
INTRODUCTION
Helicobacter pylori is a member of the Epsilon subdivision of the Proteobacteria, which colonises the gastric mucus layer of humans and some non-human primates. Colonisation with H. pylori results in a strong proinflammatory response which does not remove the infection, and the resulting chronic gastritis can develop into gastric and duodenal ulcers and to gastric malignancies (Kusters, van Vliet and Kuipers 2006) . Approximately half of the worlds' population is colonised by H. pylori, and although antibiotic treatment and improved hygiene have resulted in lower prevalence in most Western countries, in other parts of the world the prevalence is still high and hence H. pylori constitutes an important public health problem.
The first H. pylori genome sequence was published in 1997 (Tomb et al. 1997) , and it was the first bacterium for which two genome sequences became available in 1999 (Alm et al. 1999) . The two strains showed high levels of genomic differences, both at the sequence level and predicted genes. Helicobacter pylori is naturally transformable, and mutation, recombination and frequent genetic exchange have resulted in high levels of genome variability, which can even be observed over time in a single patient (Kuipers et al. 2000) . The high level of allelic diversity caused by the genomic variation does cause problems for molecular typing techniques such as allelic multilocus sequence typing (MLST) (Maiden et al. 2013) , which have successfully used in related pathogens such as Campylobacter jejuni (Colles and Maiden 2012 ), but do not work for H. pylori. Sequence alignment based-MLST has been used for H. pylori, and shows subgrouping of isolates into seven major population types connected to geographic information (Falush et al. 2003; Yamaoka 2010) . These lineages are named hpAfrica1, hpAfrica2, hpNEAfrica, hpEurope, hpAsia2, hpSahul and hpEastasia, with the latter subdivided into hspEAsia, hspMaori and hspAmerind.
Although the H. pylori genome is relatively small (1.6 Mbp, with ∼1500 open reading frames), and there are a significant number of genome sequences available for H. pylori, the high level of sequence diversity has complicated comparative genomics analyses for H. pylori. Earlier studies using comparative genomic hybridisation used 20-50 isolates (Gressmann et al. 2005; Salama et al. 2000) , while recent studies investigating the core and accessory genome of H. pylori used only 30-40 genomes (Yahara et al. 2013 (Yahara et al. , 2016 Ali et al. 2015; Kumar et al. 2015; Uchiyama et al. 2016) , despite the public availability of hundreds of H. pylori genomes. The H. pylori core genome has been estimated to consist of only 244 genes (van Tonder et al. 2014) and H. pylori has been suggested to have an open pangenome (Fischer et al. 2010; Kawai et al. 2011) . In a previous study (van Vliet and Kusters 2015) , we used feature frequency profiling (FFP), an alignment-free analysis approach, to phylogenetically cluster 377 H. pylori genomes, and showed that FFPbased whole-genome clustering mostly matched the phylogeographic lineages assigned by MLST. In that study, the distribution of previously established virulence markers such as the cag pathogenicity island (cag PAI) and vacuolating cytotoxin (VacA) were investigated, and with the exception of the cag PAI and associated factors such as the VacA s1 subtype and BabA2, there was no clear clustering of other known pathogenicity markers with the MLST types (van Vliet and Kusters 2015) .
In this study, we have identified H. pylori genes specific to MLST lineages, using a combination of pan-genome and comparative genomics approaches. This included optimisation for the high level of genetic variation in the H. pylori pan-genome. In addition, cag PAI-positive and negative genomes were compared to test whether there are genes specific linked to the presence or absence of the cag PAI.
MATERIALS AND METHODS

Annotation of Helicobacter pylori genome sequences
This study used 376 H. pylori genome sequences characterised previously (van Vliet and Kusters 2015) , with the strategy outlined in Fig. 1 . The assembly statistics (number of contigs, genome size) were obtained by using QUAST v2 (Gurevich et al. 2013) . Genomes with 100 or more contigs were excluded, leaving 346 genomes for pan-genome analysis (Table S1 , Supporting Information). Genome sequences were annotated using Prokka v1.11b (Seemann 2014) . The total dataset contained 159 hpAfrica1 genomes, 29 hpAfrica2 genomes, 14 hpAsia2 genomes, 44 hsp EAsia genomes, 11 hspAmerind genomes, 88 hpEurope genomes and 1 genome of mixed ancestry (PeCan4) (Yahara et al. 2013) .
Pan-genome analysis
The GFF3 files produced by Prokka were subsequently used for pan-genome analysis (Fig. 1) using Roary v. 3.6.8 (Page et al. 2015) , with a range of settings: 60%, 70%, 80% and 90% minimum percentage identity for BLASTP, the maximum number of clusters was increased to 100 000, and the analysis was both done with and without the -s setting which clusters paralogues. The output of Roary was further analysed using Scoary (Brynildsrud et al. 2016) , which uses the Roary gene˙presence absence.csv files to analyse the associations between the accessory genome and specified traits, and including statistical analysis. Traits analysed were six MLST types (hpAfrica1, hpAfrica2, hspAmerind, hpAsia2, hspEAsia and hpEurope) and presence/absence of the cag PAI. Only genes with a Bonferroni p ≤ 10 −5 were included, but subsequently excluded if present in >33.3% and <66.6% when comparing specific lineages vs the rest of isolates (MLST or cag PAI-based). For practical reasons, only genes present in the genomes of H. pylori strains J99 (hpAfrica1), SouthAfrica7 (hpAfrica2), Cuz20 (hspAmerind), India7 (hpAsia2), 35A (hspEAsia) and 26695 (hpEurope) were further analysed here, leaving a total of 1665 genes analysed (Table S2 , Supporting Information). The lineage specificity of candidate genes was confirmed using BLAST+ (NCBI).
Phylogenetic analyses
Helicobacter pylori genomes were phylogenetically clustered using core genome single nucleotide polymorphisms (SNPs) by using parSNP (Treangen et al. 2014) , and by using FFP (Sims et al. 2009; van Vliet and Kusters 2015 
RESULTS AND DISCUSSION
Clustering of Helicobacter pylori genomes based on genomic phylogeny
A total of 346 H. pylori genomes were selected from the 376 genomes characterised previously (van Vliet and Kusters 2015), based on a quality assessment of the genome assembly. Fragmented genomes were excluded, by only including genomes with 100 or less contigs (Table S1 ). These 346 genomes spanned six different MLST types, with 252 (72.8%) being cag-positive. The phylogenetic relationship of these genomes was assessed using core genome SNPs using the ParSNP software (Treangen et al. 2014) , and compared with whole genome purine/pyrimidine (RY)-words using FFP (van Vliet and Kusters 2015) . The overall topology of the trees obtained using the two methods was similar ( Fig. 2) , with hpAfrica2 genomes clustering separately from the other MLST types. The main differences were in the order of the individual genomes within the branches, and further examination showed that the main difference was in the separate clustering of cag PAI-positive and cag-negative genomes with the hpEurope MLST type (data not shown). Further examination of the data obtained with ParSNP showed that only 1.2%-1.4% of the individual genomes (∼20 kb) was present in all strains, which is required for SNP identification, suggesting this analysis is not much more sensitive than the seven-gene MLST scheme for H. pylori which uses 3.4 kb of sequence. The FFP-derived phylogenetic tree was used for further ordering of genomes.
Pan-genome analysis of Helicobacter pylori
The 346 genomes were annotated using Prokka (Seemann 2014) , and the pan-genome was determined using Roary (Page et al. 2015) with the cut-off for BLAST hits at 60%, 70%, 80% and 90% (Fig. 1) . To identify the optimal settings for Roary, the number of BLAST hits was plotted against the percentage identity (Fig. 3A) . The number of BLAST hits stabilised at ≤80% identity. Roary was also used both with and without paralogue clustering, to correct for possible allelic variation. Paralogue clustering had a significant effect on the size of the core genome (Fig. 3B) ; without paralogue clustering, the combined core and soft core genome (≥95% identity) was estimated at 524 and 561 genes, and the total number of genes in the pan-genome between 8240 and 11 013, at 60%-90% BLAST identity cut-off. Paralogue clustering significantly reduced the total number of genes in the pangenome to 2252-4597 genes, and increased the core genome to 1158-1229 genes (Fig. 3B ). Further analysis was performed using Scoary, on the Roary datasets with 80% BLAST cut-off and both paralogue clustering enabled and disabled. A comparison of the genes identified as present/absent for the six MLST types at 80% BLAST cut-off with and without paralogue clustering enabled showed only partial overlap between the datasets. For example, the 42 genes overrepresented or underrepresented in hpAfrica1 genomes with paralogue clustering disabled, had only 9 in common with the 16 genes overrepresented or underrepresented in hpAfrica1 genomes with paralogue clustering enabled (not shown). Further investigation showed that disabling paralogue clustering resulted in selection of allelic variants rather than ; the right panel shows a tree based on SNPs obtained using parSNP (Treangen et al. 2014) . Colors indicate the six MLST lineages of H. pylori included hpAfrica1 (red), hpAfrica2 (light blue), hspAmerind (orange), hpAsia2 (brown), hspEAsia (green) and hpEurope (dark blue). The mixed background strain PeCan4 is indicated in pink. The parSNP tree is based on SNPs identified in the 1.2%-1.4% of the individual genomes present in all 346 genomes, representing ∼20 kb of the 1.6 Mb H. pylori genome, and was not further used.
genes differentially present or absent, and hence the analyses were continued using the data obtained with paralogue clustering enabled. A total of 1665 genes present in reference genomes selected per MLST lineage were further analysed (Table S2 , Supporting Information). The 346 genomes contained 252 annotated as cag PAI positive, and 94 as cag PAI negative. The latter category includes all the hpAfrica2 genomes (n = 29), with most other cag-negative genomes being found in the hpAfrica1 (n = 23) and hpEurope (n = 36) lineages. The Scoary package was used to analyse the Roary output files to identify genes associated with either the presence or absence of the cag PAI (Table S2) . With the exception of the genes of the cag PAI themselves, there were few genes associated with presence or absence of the cag PAI, and these genes showed a secondary association with MLST types such as hpAfrica2 (Fig. 4A , Tables S2 and S3, Supporting Information). The same results were obtained when cag-positive and cag-negative hpAfrica1 and hpEurope genomes were tested separately to avoid any influence from the genetic distance with hpAfrica2 genomes (not shown). This strongly suggests Effect of the BLAST identity cut-off on the number of hits within the dataset. The cut-off value is usually set somewhere the graph is tailing off, as indicated by the arrow at the 80% cut-off selected in this study. (B) Effect of paralogue clustering on the size of the core, shell and cloud parts of the H. pylori pan-genome. Core genes were defined as present in ≥ 95% of genomes (combining the core and soft core from the Roary output), shell genes are present in ≥15% but <95% of genomes, and cloud genes are present in ≤15% of genomes. The top graph is with paralogue clustering enabled (the -s switch in the Roary command line), resulting in 2252-4597 genes depending on the BLAST cut-off value (set at 60%, 70%, 80% and 90%). The bottom graph is with paralogue clustering disabled, resulting in a total number of 8240-11 013 genes. Next to the total size of the gene pool, the other major difference of paralogue clustering is the size of the core genome, which is ∼550 genes without paralogue clustering and ∼1150 genes with paralogue clustering.
that there is no clear genomic difference explaining presence or absence of the cag PAI, other than possible barriers for genetic exchange related to genomic background (Aras et al. 2002; Maldonado-Contreras et al. 2013) . We also noted differential distribution of genes associated with H. pylori plasticity regions, such as jhp0914 (Fig. 4B) , which is linked to other variable genes such as jhp0917/jhp0918 (van Vliet and Kusters 2015) .
Differential distribution of alcohol-and aldehyde-reducing enzymes over Helicobacter pylori lineages
The Roary dataset was also used for the identification of genes either overrepresented or underrepresented in the six MLST lineages represented in the 346 H. pylori genomes (Fig. 4 , Tables S2 and S3). A total of 125 genes were overrepresented or underrepresented in one or more MLST lineages, but none showed complete lineage specificity, as either it was missing in some of the genomes of the lineage or the genes were detected in some or more genomes belonging to other MLST types. Comparison of the distribution of 15 of the 125 genes with a comparative genomic hybridisation-based study (Gressmann et al. 2005) confirmed the differential distribution of these 15 genes, despite many strains not being present in both studies. For example, the jhp0914 gene is in both studies primarily present in hpAfrica1 (100% in Gressmann et al. 2005 vs 99% in this study), and mostly absent from the other MLST types, thus supporting the findings reported below.
The more distinct hpAfrica2 MLST type showed the highest number of differentially present genes, with the cag PAI absent, but also 29 genes present in 65%-100% of hpAfrica2 genomes, which were absent from most other MLST types (Table S3) . One such example is the hp1193 gene encoding an aldo/keto reductase, which is found in all hpAfrica2 genomes, and 78/88 hpEurope genomes, but is absent from almost all hpAsia2, hspEAsia, hspAmerind and hpAfrica1 genomes (Fig. 4B) . Inactivation of the hp1193 gene in H. pylori strain 1061 resulted in acid sensitivity (Cornally et al. 2008) , with the HP1193 enzyme being able to reduce a range of aromatic aldehyde substrates. The activity of the aldo/keto reductase enzyme was suggested to complement the activity of the HP1104 cinnamyl alcohol dehydrogenase, which is able to detoxify aromatic aldehydes (Mee et al. 2005) . Interestingly, the hp1104 gene was universally present in all lineages, but we did find a second gene (jhp1429) annotated to encode a second, zinc-dependent alcohol dehydrogenase, which is only present in hpAfrica1 and hpAfrica2 genomes, and a few hpEurope genomes clustering closely to the hpAfrica1 genomes (Fig. 4B) . The two alcohol dehydrogenases have 62% identity and 75% similarity on amino acid level, although functional studies on jhp1429 are lacking. The differential presence of jhp1429 was noted when the H. pylori 26695 and J99 genomes were compared (Alm et al. 1999) , together with the lack of the hp1045 acetylcoA synthetase gene in H. pylori J99 (hpAfrica1). The hp1045 gene shows almost the opposite distribution compared to the jhp1429 alcohol dehydrogenase gene, being absent from most hpAfrica1 and hpAfrica2 genomes, but present in most hpEurope, hpAsia2, hspEAsia and some hspAmerind genomes (Fig. 4B) . The differential distribution of genes encoding alcohol/aldehyde-reducing enzymes is of particular interest, as it has been suggested that conversion of dietary alcohols to aldehydes can result in toxicity and inflammation in the gastric mucosa (Salmela et al. 1994; Matysiak-Budnik et al. 1995) . Gene polymorphisms in the ADH and ALDH2 genes and enhanced acetaldehyde exposure are associated with increased gastric cancer risk, especially in relation to alcohol intake (Salaspuro 2011) , and thus the differences in alcohol dehydrogenases of H. pylori may have to be taken into account as well when evaluating risks.
Differential distribution of transporter genes over Helicobacter pylori lineages
Transporter genes play important roles in microbial metabolism by mediating the uptake and efflux of nutrients and toxic compounds. The H. pylori genome was previously described to contain three genes annotated to encode a ferric citrate receptor FecA (hp0686, hp0807 and hp1400), of which hp0686 and hp0807 are iron/Fur-regulated and mediate iron acquisition, and hp1400 (fecA3) being nickel/NikR-regulated and involved in acquisition of nickel (Ernst et al. 2006; Schauer et al. 2007; Danielli et al. 2009 ). The hp0686 and hp1400 genes are present in all genomes investigated, while the hp0807 (fecA2) gene is lacking in 9/11 hspAmerind genomes (Fig. 4B ), but present in all other MLST lineages of H. pylori. Of interest, two of the hspAmerind genomes (Aklavik86 and Puno135) (Kersulyte et al. 2015) contain the genes encoding an iron-cofactored urease enzyme (Carter et al. 2011) , which was previously identified in Helicobacter species such as H. acinonychis, H. mustelae and H. felis, which colonise carnivores (Pot et al. 2007; Stoof et al. 2008) , suggesting an intriguing link between diet and human Helicobacter colonisation.
Conversely, a gene encoding an amino acid permease (hmpref4655 20135 from isolate 35A) is found in hspEAsia, hspAmerind, hpAsia2 and several hpEurope genomes, but is lacking from hpAfrica1, hpAfrica2 and other hpEurope genomes (Fig. 4B) . However, the genomes lacking the hmpref4655 20135 gene do have the hp1017 amino acid permease gene which encodes a protein which shows ∼70% identity with the HM-PREF4655 20135 protein, thus potentially providing the same functionality. The hmpref4655 20135 and hp1017 genes are classified as distinct in the pan-genome analysis due to the reduced length and lowered identity, and hence the pan-genome analysis may overestimate differences in species such as H. pylori which high levels of sequence variation.
CONCLUSIONS
As a human bacterial pathogen, Helicobacter pylori has been the subject of intense investigations since its first description in 1984 (Marshall and Warren 1984; Marshall et al. 1985) . It is now well established as a causative agent of peptic ulcer disease, as well as playing an important role on the aetiology of gastric cancer (Kusters, van Vliet and Kuipers 2006) , and has been implicated in the development of and protection against allergic and inflammatory disorders (Arnold, Hitzler and Muller 2012) . However, many patients do not develop ulcers or gastric cancer, and this variability has been suggested to be due to a combination of environmental, host and bacterial influences (Kusters, van Vliet and Kuipers 2006; Mayerle et al. 2013) . The high level of genomic diversity in H. pylori is thought to play a role in the adaptation process to the changeable gastric conditions over the lifetime of the host, and complicates genome-wide association studies with H. pylori. Here we show that such studies can be performed using new software analysis tools, by comparing the effects of different threshold criteria, thus allowing rapid analysis of phylogenetic relationships and genetic content of H. pylori strains. However, the analysis is still hampered by the high level of allelic variability and hence the analysis shown here is far from complete; however, the datasets included in the supplementary tables will support future work in the community, which is required to link the differential presence or absence of genes with phenotypic differences, and where possible disease outcome or treatment development.
